Dopant impurity-induced defects in p-type doped hydrogenated amorphous germanium
The defect density (N D ) in hydrogenated amorphous germanium ͑a-Ge:H͒ doped p-type by aluminum, gallium, or indium was studied as a function of the dopant impurity concentration (N imp ) by using photothermal deflection spectroscopy. N D remains roughly constant with increasing N imp for N imp Ͻ2ϫ10
19 cm Ϫ3 and increases linearly for larger N imp for Al, Ga, or In doping, On the other hand, the dependence of N D on the Fermi energy ͑as deduced from conductivity measurements͒ is different for the different dopant impurities, contrary to predictions of charge-induced weak bond-dangling bond conversion models. A mechanism involving direct dangling bond formation induced by sp 2 
bonded dopant impurities qualitatively accounts for the observed results. © 1996 American Institute of Physics. ͓S0003-6951͑96͒02338-8͔
One of the most striking characteristics of chemical doping in hydrogenated amorphous silicon ͑a-Si:H͒ is the direct dependence of the density of doping-induced midgap defects (N D ) on the Fermi energy 1 (E F ). This behavior has been explained in terms of charge-induced weak bond-dangling bond conversion models involving hydrogen-mediated chemical reactions between charged defect, tail, and dopant states in equilibrium, 2, 3 and also by a non-equilibrium weak bond breaking process. 4 For the case of hydrogenated amorphous germanium ͑a-Ge:H͒, the dependence of N D on E F and dopant concentration is not as well established. Nevertheless, a mechanism similar to that suggested for a-Si:H has been recently proposed to explain n-and p-type doping in a-Ge:H. 5 In addition, it has been speculated that this mechanism is the driving force for the large defect density always observed in the undoped material, 5 which severely limits its use as a low band-gap component in a-Si:H-based devices. We have recently performed a systematic p-type doping study of rf-sputtered a-Ge:H employing different column-III dopant elements ͑Al, Ga and In͒ obtained from high purity solid sources. 6 The different doping efficiencies exhibited by the different dopants enable us to determine whether the defect density in the doped material is determined by E F or, alternatively, it is directly related to the actual dopant concentration incorporated to the films. Our results are not consistent with a charge-induced weak bond-dangling bond conversion process.
Details on sample preparation and properties are given elsewhere. [6] [7] [8] Briefly, the a-Ge:H films were prepared by rfsputtering a crystalline Ge target in an ArϩH 2 atmosphere. Al, Ga, and In doping was performed by placing small, solid pieces of the source material on top of the Ge target during the deposition. Optical transmission and photothermal deflection spectroscopy ͑PDS͒ were used to determine the absorption spectra of the samples. The Urbach tail energy E 0 was determined from the exponential region of the absorption curve, and the midgap defect density N D was estimated from the absorption coefficient at 0.7 eV photon energy, in a way described elsewhere. 6, 7 The subgap absorption results obtained by PDS are consistent with equivalent data deduced from photoconductivity measurements in the same samples. The dopant impurity concentration in the films (N imp ) was inferred from Rutherford backscattering ͑In͒ and protoninduced x-ray emission ͑Ga, Al͒. 9 The measurements of the temperature dependence of the conductivity were performed in a way described in detail elsewhere. 7, 8 Figure 1͑a͒ shows the dark conductivity of the a-Ge:H films at 300 K ( RT ) vs N imp . It can be seen that small additions of Al, Ga, or In (N imp Ͻ1ϫ10 19 cm Ϫ3 ) lead to a reduction of the conductivity down to a minimum value of approximately 3ϫ10 Ϫ7 ⍀ Ϫ1 cm Ϫ1 . This behavior is due to compensation of the initially n-type a-Ge:H film by the formation of acceptor states induced by the column III impurities. For large N imp , the conductivity increases, indicating the onset of p-type conduction, which increases with the in- creasing number of acceptor dopants. This interpretation is confirmed by the sign of the thermopower. 7, 8 Accordingly, the changes of the activation energy of the conductivity with increasing N imp ͑not shown͒ indicate that a doping-induced shift of E F towards the valence band edge is occurring. 7, 8 Note, however, that the impurity concentration needed to achieve similar changes in the conductivity is significantly lower for the case of Ga than for Al or In. 19 cm Ϫ3 is correlated with an increase of E 0 ͑now shown͒. 6 Several interesting features emerge from Figs. 1͑a͒ and 1͑b͒. First, the differences between the RT vs N imp curves obtained for Al, Ga, and In ͓Fig. 1͑a͔͒ suggest that the doping efficiency depends on the specific dopant element being employed. This fact indicates that the chemical properties of the dopant atom play a significant role in the determination of the doping-induced shifts of E F . This also can be noted in the electronic transport in the limit of large N imp . For example, in the case of indium 8 an abrupt transition from a thermally activated to a hopping-like conductivity occurs at N imp ϳ4ϫ10 20 cm Ϫ3 . This behavior, on the other hand, was not observed for Ga and Al.
A second feature, noticed in Fig. 1͑b͒ , is that N D is nearly constant with N imp for impurity contents lower than Ϸ2ϫ10 19 cm Ϫ3 . It is striking that this behavior is similar to that reported for B-doped a-Ge:H deposited by other methods, such as glow discharge 5 and magnetron sputtering. 10 For the case of B-doped a-Si:H, a minimum is observed in N D as E F crosses midgap, 1 as is expected for a charge-induced weak bond-dangling bond conversion mechanism for defect creation.
The key point revealed by the present results is that the dependence of the defect density on N imp ͓Fig. 1͑b͔͒ does not correlate with the doping-induced changes in the conductivity ͓Fig. 1͑a͔͒. This behavior further indicates a lack of general correlation between N D and E F . Figure 2 Fig. 1͑b͒ suggests that the increase in N D has a common chemical instead of an electrical origin. Since the fraction of active dopants in amorphous semiconductors is only of the order of 1% or less, 11 it is plausible that N D is controlled by the large fraction of nonactive dopant impurities, which are mostly bonded in their preferred sp 2 configuration. If the defects are directly formed by the impurities, a linear dependence of N D on N imp would then be expected, as indeed indicated by the experimental data points in Fig. 1͑b͒ .
Also shown in Fig. 2 are N D values estimated by using Stutzmann's spontaneous weak bond-dangling bond conversion model, which for the dangling bond density yields 4 N db ϭN*E 0 exp͓Ϫ͑E db ϪE*͒/E 0 ͔. ͑1͒
Here N* and E*are the density of states and the energy at the onset of the valence band exponential tail of slope E 0 . E db is a critical energy beyond which distorted bonds ͑band tail states͒ become unstable and dissociate into dangling bonds. 4 A satisfactory fit of Eq. ͑1͒ to the present N D values is obtained by just considering the variations in E 0 over the whole impurity concentration range, using fixed values of E db ϪE*͑see ͒. This fact is reflected in Eq. ͑1͒ by an effective reduction of E db ϪE*, which correlates with the shift of E F . ͑II͒ For large doping levels in a-Si:H, noticeable broadening of the Urbach tail occurs with increasing dopant concentration. In this regime, N D increases according to Eq. ͑1͒ due to an increase in E 0 ͑i.e., due to a broadening of the weak bond distribution͒, with E db ϪE* remaining fixed. The present N D data, on the other hand, can be fitted by Eq. ͑1͒ in the whole studied concentration range using fixed E db ϪE*. This fact, together with the lack of a general correlation between N D and E F ͑see Fig. 2͒ indicates that for the case of p-type doping of a-Ge:H, the charge-induced weak bond breaking mechanism has negligible influence on defect formation. 12 The reason for the above difference between a-Si:H and a-Ge:H could be probably related to the approximately two orders of magnitude larger intrinsic defect density in a-Ge:H, which implies that larger doping levels are needed in this material to achieve substantial E F shifts towards the valence band.
The common linear behavior of N D on N imp for the three dopants as observed in Fig. 1͑b͒ strongly suggests a direct mechanism for defect production. Consider a threefold coordinated impurity in the nearly fourfold coordinated a-Ge:H network. Significant reconfiguration of the lattice in the vi -FIG. 2 . Defect density as a function of the Fermi energy for Ga-, In-, and Al-doped a-Ge:H. E F values are given with respect to the valence band mobility edge E V . The solid and dashed lines are fits of Eq. ͑1͒ to the data for Ga-and In-doped samples, using E db ϪE*ϭ0.39 and 0.36 eV, respectively.
cinity of the impurity is expected to occur due to local energy minimization. We note two possible limiting cases in this process: ͑i͒ The ideal rigid network, in which the impurity forms sp 2 bonds with three neighboring Ge atoms and leaves a fourth nearest-neighbor Ge atom with a dangling bond; and ͑ii͒ The ideal flexible amorphous network, in which sufficient bond reconstruction around the impurity occurs to accommodate the structure and to avoid dangling bond formation. In reality, however, both situations will coexist and we expect that the probability of each will depend mainly on the properties of the host network in the context of the deposition conditions employed, which set the mobility of Ge or H adatoms, for instance. The data in Fig. 1͑b͒ would thus indicate that, on the average, one out of every 80 impurity atoms produces a dangling bond according to process ͑i͒ above. The similar dependence of N D on N imp for Al, Ga, or In is then explained by the fact that the probability for process ͑i͒ to occur is mainly determined by the properties of the host network, with the only restriction for the dopant being that it be in an sp 2 configuration. The nearly constant N D for N imp Ͻ2ϫ10
19 cm Ϫ3 ͓Fig. 1͑b͔͒ is also easily understood, since for these low concentrations the density of additional dangling bonds created by the impurities is negligible in comparison with the intrinsic defect density of a-Ge:H (N D Ϸ5ϫ10 17 cm Ϫ3 ). A point that needs attention is the correlation between E 0 and N D as inferred from the agreement of the data with the weak bond-dangling bond conversion model ͓Eq. ͑1͒, Fig. 2͔ . Since, in this model, weak bonds are regarded as precursors for dangling bond formation, the direct mechanism for dangling bond creation, like the one proposed here, raises the question as to why a correlation between E 0 and N D should exist at all in such a case. The answer could be connected to the way the relation between weak-bond and dangling-bond distributions is established during the deposition of the film. It is plausible that the creation of the dangling bonds is accompanied by relaxation of the network in the vicinity of the defect. This process would lead to local distortions of the network, producing additional weakened Ge bonds and thus broadening the band tail distribution ͑large E 0 ͒.
A further important question concerns the role of hydrogen in the doping process in a-Ge:H. Previous work has given evidence for thermally induced metastability effects in the conductivity of a-Ge:H, similar to those observed in a-Si:H, which have been attributed to H-mediated structural equilibration in this material. 13 These results have motivated researchers 5 to interpret their observed increase of N D with doping in terms of a charge-induced weak bond breaking model involving H-mediated equilibration between tail and deep states. It is interesting to note, however, that in the case of B 2 H 6 doped a-Ge:H, this model does not seem to fit the experimental data satisfactorily. 5 This is possible related to the results presented here, which suggest that a different mechanism for defect creation applies for p-type doping of a-Ge:H.
Summarizing, we have studied p-type doping of a-Ge:H using Al, Ga, and In. We found that, despite the different doping efficiencies exhibited by these dopants, the defect density shows a common dependence on N imp . These results indicate that the defect density is not fixed by E F , but is directly connected to the concentration of the dopant impurities. A mechanism involving sp 2 bonded dopant impurities has been proposed which satisfactorily explains the results.
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